INTRODUCTION
Organic-rich shales (ORS) have been studied as source rocks for many decades. Recently, organic-rich shales have drawn attention as unconventional reservoirs and the focus has been changed from the potential to create hydrocarbons to the potential to produce hydrocarbons from these low permeability rocks. Commercially acceptable production rates take place in "sweet spots", the areas where shales are permeated with networks of natural fractures (e.g., Keighley, 2006) . The causes and origins of these fracture networks can be related to maturity of the organic-rich shales, as well as tectonic processes and uplift.
An important task is the mapping of such "sweet spots" from surface seismic. Azimuthal P-and S-wave anisotropy has been proven in many formations to be related to sets of fractures that lead to economic production rates (e.g., Miller, 2013) . Some authors argue that the shales in "sweet spots" are brittle (e.g., Rickman, 2008) . Others try to relate this brittleness to Poisson's ratio derived from P-and S-wave velocities (e.g., Singh et al., 2013) , even though it has already been shown that brittleness cannot be uniquely obtained from the Poisson's ratio or other elastic moduli. Moreover, the Poisson's ratio itself determined from static and dynamic elastic measurements might be quite different.
To understand relations between thermal maturation and microstructural changes, Zargari et al. (2013) measured the distribution of Young's moduli on the surfaces of natural samples at different maturity levels and of samples subjected to the hydrous pyrolysis process. The mean Young's moduli obtained in these nanoindentation experiments decreased with maturity. Zargari et al. (2013) explained this by suggesting that bitumen expelled during pyrolysis has lower moduli than kerogen. Uvarova et al. (2014) studied variations in chemical composition and microstructure of organic-rich Kimmeridge Shale with a TOC content of 23%. A rapid development of sub-horizontal fractures was observed at temperatures of ~370-390C. This process was accompanied with a 20% mass loss and a decrease of TOC content from 20% at 370C to 8% at 390C. Patrusheva et al. (2014) studied changes of static and dynamic elastic moduli of the Mancos Shale caused by heating of core size samples the temperatures between 360C and 550C. Micro-CT images of small companion samples were obtained to inspect the microstructural changes related to these changes in elastic moduli,.
Here we reanalyse the results of these two experimental studies in an attempt to understand the effects of heating on microstructure of two organic rich shales with different mineralogy and TOC content.
SHALE DESCRIPTION AND EXPERIMENTAL PROCEDURES
The Kimmeridge Shale from the Upper Jurassic Kimmeridge Clay Formation contains shales with some of the highest total organic carbon (TOC) contents (Curtis et al., 2012) is used for
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The Kimmeridge Shale shows rapid decomposition of the organic matter at the temperatures of 370-390C. This process is accompanied by fracture development and propagation. The Mancos Shale exhibits shrinkage of the solid organic matter with mobile bitumen expulsion and relocation. No fracture development is directly observed in microtomograms. Further work has to be done to understand whether the ability of shale to develop a fracture network depends on its TOC content, the mineralogical composition of its inorganic matrix or on other parameters.
Key words: gas shales, mineralogy, microstructure this study. The experimental procedures are explained in Uvarova et al. (2014) ; here we only briefly describe them. Two cylindrical samples of 5 mm height and 2 mm in diameter are prepared.
(1) To visualize pre-existing fractures, the first sample is scanned with an XRadia VersaXRM-500 micro computed tomography (micro-CT) scanner with resolution (pixel size) of 3.5 micron.
(2) The sample is then heated in an OmegaLux LMF-3550 furnace from room temperature to 430ºC at a rate of 8ºC per minute. At the final stage of heating, the sample is maintained under a temperature of 430ºC for 10 minutes. After cooling to room temperature, another microtomographic image is obtained with the same micro-CT scanner.
(3) The second sample is heated up from the room temperature to 330ºC at the same rate of 8ºC per minute and again kept at the maximum temperature for 10 minutes. The sample is then cooled down, and a microtomographic image of the sample is obtained with the same micro-CT scanner.
(4)
Step 3 is repeated on this second sample for temperatures of 370ºC and 390ºC. Then the sample is cooled down and heated to 390ºC again.
The Cretaceous Mancos Shale is one of the most significant shale deposits in the Western U.S. The thickness of the Mancos Shale ranges from 300 to more than 1500 metres.
Hydrocarbons of different types -namely dry gas, wet gas and oil -are producible from the Mancos Shale. The TOC content of the intact samples is 1%wt.
A small cylindrical sample of the Mancos Shale with a diameter of 2 mm and length of 7 mm is scanned using the same micro-CT scanner. 5001 radiographs wereacquired during each scan. Total scanning time was 9 hours. Initial image reconstruction was performed using XRadia software. 3D volumes were reconstructed with a voxel size of 0.8 µm 3 . The same sample was scanned after heating to 360C, 400C, 430C and 550C. The obtained volumes were then registered using AVIZO Fire software (FEI Visualization Sciences Group).
MINERALOGICAL AND MICROSTRUCTURAL CHANGES IN THE KIMMERIDGE AND MANCOS SHALES
The TOC content in the samples of the Kimmeridge Shale subjected to high temperatures are shown in Table 1 . TOC changes from 23.4% in the original sample to 0.8% in a sample that has been subjected to atemperature of 430C. The organic matter does not decompose at temperatures below 300C. The rapid decomposition of organic matter takes place in a temperature range between 370 and 390C. The large change in TOC content between the samples heated to 390C once and twice implies that the organic matter might completely decompose if exposed longer to these temperatures.
Changes of TOC content caused by heating are not investigated in Mancos Shale because of the low initial organic matter content. In this case, it is possible that natural variations in TOC content from sample to sample might obscure any decompositional trend. Mineralogical composition of the Kimmeridge Shale is shown in Table 2 . This semi-quantitative analysis shows that the main constituents of the Kimmeridge Shale are carbonates (42.1%) and organic matter. The shale contains only 9.2% quartz and 5.6% illite. Changes in mineralogical composition caused by heating have not been studied as yet.
The main mineralogical components of the Mancos Shale and changes caused by heating are shown in Table 3 . The main mineralogical component of the Mancos shale is quartz (49.3%). Carbonates (dolomite plus calcite) and mixed layer illite/smectite comprise 18% and 11.1% respectively. After heating the Mancos shale up to 550C, the fractions of the carbonates and illite decrease to 13.1% and 7.5%, respectively. On the contrary, the quartz fraction increases to 61.1%. (Figure 3a,b) show spreading of dark colour from the pores occupied with organic matter to adjacent areas. This might be explained with the expulsion of the mobile bitumen (from solid organic matter) and its penetration into the surrounding pores. Figure 3 (c-f) shows the same large pore with ~150 µm length and ~30 µm width in the Mancos shale sample before heating and after the sample has been heated to 360C, 400C and 430C. In the intact sample, organic matter fills the whole pore (Figure 3c ). After heating, it gradually shrinks ( Figure  3d , e, f). This process is generally accompanied with the expulsion of mobile bitumen.
Heating of two different organic-rich shales with diverse mineralogy and organic matter fraction results in different microstructural changes. In the case of the Kimmeridge Shale, decomposition of organic matter is accompanied by the development of a fracture network. In the Mancos Shale, decomposition of organic matter results in expulsion of the mobile bitumen and its penetration into adjacent pore space. Heating of the Mancos Shale does not lead to the development of a fracture network. Alternatively, fractures might be below resolution of micro-CT scanner; Patrusheva et al. (2014) provided indirect proof of the development of a fracture network after heating Mancos Shale to above 470C. These samples exhibit an increase in stress sensitivity of elastic properties compared to the samples subjected to lower temperatures.
Further work has to be done to understand whether the development of a fracture network, its length and connectivity depends on either TOC content or mineralogical composition of a shale.
CONCLUSIONS
The changes in mineralogy and microstructure caused by heating have been studied in the Kimmeridge Shale and Mancos Shale samples. The Kimmeridge Shale with high TOC content and carbonate dominated inorganic matrix showed a rapid nucleation and growth of fractures. The Mancos Shale exhibited shrinkage of solid organic matter filling pore space and expulsion and redistribution of mobile bitumen. The Mancos Shale characterised by low TOC content and quartz dominated inorganic matrix has not developed any visible fracture network. Further work has to be done to understand whether the ability of shales to develop a fracture network depends on its TOC content, mineralogical composition of inorganic matrix or some other parameters. CSIRO Capability Development Fund that supported their internships. The authors thank the National Geosequestration Laboratory (NGL) for providing access to the X-ray microscope VersaXRM-500 (Xradia Ltd). The NGL is collaboration between CSIRO, the University of Western Australia and Curtin University established to conduct and deploy critical research and development to enable commercial-scale carbon storage options. Funding for this facility was provided by the Australian Federal Government. 
